Glutamate receptor-mediated responses were in vestigated by using a whole-cell recording and an intracellular calcium ion ([Ca 2 +]i) imaging in gerbil postischemic hippo campal slices prepared at 1, 3, 6, 9, 12, and 24 hours after 5-minute ischemia, Bath application of N-methyl-D-aspartic acid (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA), and kainate showed that NMDA-, AMPA-and kainate-induced currents were enhanced in post ischemic CA 1 pyramidal neurons at 1 to 12 hours after 5minute ischemia, NMDA and non-NMDA receptor-mediated excitatory postsynaptic currents (EPSC) were examined in postischemic CAl pyramidal neurons at 3 hours after 5-minute ischemia to confirm whether synaptic responses are enhanced in the postischemic CAl pyramidal neurons. The amplitudes of NMDA-and non-NMDA-receptor-mediated EPSC were en-Abbreviations used: AMPA, a-amino-3-hydroxy-5-methyl-4-iso xazolepropionate; ANOVA, analysis of variance; CaM-KIlo calcium! calmodulin-dependent protein kainase II; D-APV, D( -)-2-amino-5-phosphonopentanoic acid; EPSC, excitatory postsynaptic current;
Transient ischemia damages specific populations of central neurons. Pyramidal neurons in the CAl of the hippocampus are particularly vulnerable and show de layed neuronal death after transient ischemia (Kirino, 1982; Pulsinelli et a!., 1982) . It has been reported that the ischemic damage in the CAl is reduced by the prior administration of glutamate receptor antagonists (Gill et a!., 1987) , and also importantly that the delayed neuronal death in the CAl is effectively prevented by glutamate receptor antagonists even when they were administered after the ischemic insult (Gill et aI., 1988; Sheardown et a!., 1990; Li and Buchan, 1993) . These observations in dicate that the condition leading to CA I neuronal death is reversible after ischemia, and also that glutamate re ceptors are involved in the pathologic mechanism re sponsible for the CAl delayed neuronal death during a postischemic period.
In the present study, we investigated glutamate recep tor-mediated responses in postischemic CAl pyramidal neurons using a whole-cell recording and an intracellular calcium ion imaging in gerbil hippocampal slice prepa rations to determine whether functional changes of glu tamate receptors are involved in postischemic CAl py ramidal neurons. 
MATERIALS AND METHODS

Chemicals
POSTISCHEMIC CHANGES IN GLUTAMATE RECEPTORS
1089 D( -)-2-amino-5-phosphonopentanoic acid (D-APV), (S )-a amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMP A) and 2,3-dihydroxy-6-nitro-7 -sulfamoy I-benzo(F)quinoxal ine (NBQX) were purchased from Tocris Cookson Ltd. (Bristol, UK) .
Other agents came from Wako Pure Chemical Industries Ltd.
(Osaka, Japan).
Preparation
The following experiments were conducted in accordance with the Guidelines for Animal Experimentation at Ehime Uni versity School of Medicine.
Male Mongolian gerbils (weighing 60 to 80 g; Seiwa, Fukuoka, Japan) were used. Ischemia was induced essentially as described in previous studies (Mitani et aI., 1991; 1994b) . In brief, gerbils were anesthetized and maintained with a mixture of 2.5% halothane in nitrous oxide/oxygen (7:3). Through a ventral midline cervical incision, the bilateral common carotid arteries were exposed and then a 4-0 silk suture was looped around each artery. The head of the animal was held in a stereotaxic apparatus (type 1430; David Kopf, USA). Then, the animal was turned over and held in a supine position. Thermo couple needle-probe (0.4 mm in diameter, TN-800; Unique Medical Co., Japan) and thermocouple meter (TME-300;
Unique Medical Co., Japan) assemblies were used to monitor brain (striatum) and rectal temperatures. Halothane administra tion was decreased, and the animals were maintained with a mixture of halothane (1%) in nitrous oxide/oxygen (7:3). The sutures around the two common carotid arteries were pulled by 12-g weights to occlude the circulation (Mitani et a!., 1990b) .
After ischemia, the sutures were cut and removed to restore the blood flow. The vessels were visually inspected for the absence of blood clots and the recovery of blood flow under an opera tive microscope. The brain and rectal temperates were main tained at 37 ± 0.3°C during ischemia and for 30 minutes after the onset of recirculation. Then, the thermocouple probes were gently pulled out, and all surgical incisions were carefully su tured. Gerbils were treated with antibiotics, removed from the stereotaxic apparatus, and brought into a comfortable position on a warming blanket. After awakening, the animals were re turned to individual cages in a room maintained at constant temperature (26°C) and allowed access to food and water ad libitum.
The procedures used for preparation of hippocampal slices were essentially the same as those described in previous studies (Mitani et aI., 1993; 1994a) . In brief, the hippocampal slices were prepared from postischemic gerbils at 1, 3, 6, 9, 12, and 24 hours after 5-minute ischemia and from control gerbils that were subjected to the identical surgical procedures except for the clamping of the common carotid arteries at 3 hours before the slice preparation. The gerbils were anesthetized with ether and decapitated. Their brains were rapidly removed, and trans verse slices (300 fJ--m thick) were cut with a vibrating slicer (DTK-1000; Dosaka CO., Kyoto, Japan 
Measurements
All measurements in the slices were made by observers who were blinded to the experimental conditions.
Whole-cell recording. The slice was transferred into a re cording chamber (volume about 0.5 mL) mounted onto the stage of a microscope (Axioskop; Zeiss, Germany) and held down with a nylon net stretched out on a U-shaped piece of flattened platinum wire (Edwards et aI., 1989) . Pyramidal neu rons in the CA l were visualized using Nomarski optics with a water-immersion x 40 objective (Zeiss, Germany) at a magni fication of x 640 and also visualized using a charge coupled device camera and television monitor system (XC-77; Sony, Japan) at a magnification of x 1000. The slice was perfused with a standard Ringer solution (34°C) at a flow rate of 3 mLimin.
Whole-cell pipettes were pulled from thin-walled borosili Whole-cell currents were recorded using a patch clamp ampli fier (EPC-7; List Electronics, Germany). Liquid-junction po tential between the perfusion fluid and the pipette solution was corrected. The seal resistance was usually more than 10 Gil.
Signals were low-pass filtered at 10 kHz (3-pole Bessel filter) and stored on a pulse code modulation video tape recorder for later off-line analysis. (l fJ--mollL) and bicuculline (20 fJ--mollL) were added routinely to a standard Ringer solution to block Na+ currents and spon taneous synaptic activities mainly mediated by -y-aminobutyric acid, respectively. To release NMDA responses from a Mg 2 + block (Nowak et ai., 1984; Mayer et ai., 1984) , Mg 2 + was omitted from the standard Ringer solution (we defined this solution as a nominally Mg 2 +-free Ringer solution in the pre sent study), and glycine (10 fJ--mollL) was also added to the solution to ensure a constant, saturating concentration of gly cine for the NMDA receptor (Johnson and Ascher, 1987; Hes trin et aI., 1990; Takahashi et ai., 1996) . The glutamate agonists were bath applied to a slice for 60 seconds by switching the Twenty-four postischemic animals at 3 hours after 5-minute ischemia and 24 control animals were used to examine the changes in dose-response curves for each glutamate agonist.
Glutamate agonist (l to 500 fJ--mollL of NMDA, 0.5 to 200 fJ--mol/L of AMPA, or I to 500 fJ--mollL of kainate) was bath applied to the slice and the whole-cell recordings were made in CA I pyramidal neurons with the same procedure as described above. I-LmollL of kainate) was bath applied for 60 seconds to the slice.
A single trial of the agonist application was performed in a slice. For NMDA application, Mg 2 + was omitted from the stan dard Ringer solution and 10 I-LmollL of glycine was added. 
RESULTS
Agonist-induced currents
The time-course changes in postischemic glutamate receptor-mediated responses were studied in 324 post ischemic CAl pyramidal neurons at 1, 3, 6, 9, 12, and 24 hours after 5-minute ischemia (n = 54 neurons from each group) and in 54 control CAl pyramidal neurons. NMDA (12.5 f,lmollL) evoked inward currents (peak current = 2.62 ± 0.37 nA, mean ± SD, n = 15) in control CA I pyramidal neurons held at -80 m V in a nominally Mg 2 +-free Ringer solution ( Fig. lA-1) . The responses were almost completely blocked by 25 f,lmollL of D-APV ( Fig. IA-2 ) and by I mM Mg 2 + ( Fig. lA-3 ). The blockage of the response by Mg 2 + was shown in a voltage-dependent manner: The NMDA-induced inward currents appeared even in the presence of I mmollL Mg 2 + when the membrane potentials were held more positive (-20 mY) ( Fig. lA-4) . The NMDA-induced cur rents were significantly enhanced in postischemic CAl pyramidal neurons 1 to 12 hours after 5-minute ischemia compared with those in controls ( Fig. 1B-I ). Mean peak currents at I, 3, 6, 9, and 12 hours after 5-minute isch emia (holding potentials = -80 mY) were 3.41 ± 0.44 (1.30-fold increase, P < .01, Dunnett's multiple comparison procedure), 3.47 ± 0.41 (1.32, P < .01), 3.28 ± 0.41 (1.25, P < .01), 3.31 ± 0.62 (1.26, P < .01) and 3.22 ± 0. 58 nA (1.23, P < .01), respectively (Fig. 2) . The responses were almost completely blocked by 25 f,lmollL of D-APV ( Fig. lB-2 ) and by 1 mmollL Mg 2 + ( Fig.  lB-3) . The voltage-dependent nature of NMDA re sponses in the presence of Mg 2 + was also observed in postischemic CAl pyramidal neurons 1 to 12 hours after 5-minute ischemia. The NMDA response appeared at -20 mV ( Fig. lB-4) . The significant enhancement of NMDA-induced currents was not observed in postisch- � ernie CAl pyramidal neurons at 24 hours after 5-minutes of ischemia ( Fig. 1C-1 ). Mean peak current at -SO mV was 2.S0 ± 0.55 nA (1.07-fo1d increase) (Fig. 2) . The responses were almost completely blocked by 25 j.LmollL of D-APV (Fig. 1C-2 ). In the presence of 1 mmollL Mg 2 +, the NMDA-induced currents at 24 hours after ischemia were voltage-dependently blocked by Mg 2 + in 11 of 15 postischemic CAl pyramidal neurons; however, the remaining 4 postischemic pyramidal neurons showed small but apparent NMDA-induced inward currents even at -SO mV (Fig. 1C-3) . The NMDA-induced currents obviously appeared at -20 mV ( Fig. IC-4) .
AMPA (12.5 j.LmollL) evoked inward currents (peak current = 3.04 ± 0.34 nA, n = 15) in control CAl pyra midal neurons held at -SO m V (Fig. 3A-1) . The re sponses were almost completely blocked by the AMP A receptor antagonist NBQX (25 j.LmollL) ( Fig. 3A-2) . The AMPA-induced currents were significantly enhanced in postischemic CA I pyramidal neurons 1 to 12 hours after 5-minute ischemia compared with those in controls ( Fig.  3B-l) . Mean peak currents at 1, 3, 6, 9, and 12 hours after 5-minute ischemia (holding potential = -SO m V) were 3.66 ± 0.5S (I.20-fold increase, P < .01), 4.02 ± 0.51 (1.32, P < .01), 3.6S ± 0.36 (1.21, P < .01), 3.5S ± 0.34 (US, P < .01) and 3.4S ± 0.26 nA (1.14, P < .05), respectively (Fig. 4) . The enhanced AMP A-induced in ward currents in postischemic CAl pyramidal neurons were almost completely blocked by 25 j.LmollL of NBQX ( Fig. 3B-2) . The significant enhancement of AMPA induced currents was not observed in postischemic CAl pyramidal neurons at 24 hours after 5-minute ischemia (Fig. 3C-l ). Mean peak current at 24 hours after 5-minute ischemia (holding potential = -SO mY) was 3.01 ± 0.51 nA (0.99-fold increase) (Fig. 4) . The responses were almost completely blocked by 25 j.LmollL of NBQX ( Fig. 3C-2) .
Kainate (50 j.Lmol/L) evoked inward currents (peak current = 2.93 ± 0.32 nA, n = 15) in control CAl pyra-
midal neurons held at -SO mV (Fig. 3D ). The kainate induced currents were significantly enhanced in post ischemic CAl pyramidal neurons 1 to 12 hours after 5-minute ischemia compared with those in controls ( Fig.  3E ). Mean peak currents at 1, 3, 6, 9, and 12 hours after 5-minute ischemia (holding potentials = -SO m V) were 3.61 ± 0.32 (1.23-fold increase, P < .01), 3.S7 ± 0.46 (1.32, P < .01), 3.66 ± 0.31 (1.25, P < .01), 3.51 ± 0.33 (1.20, P < .01) and 3.33 ± 0.34 nA 0.14, P < .01), respectively (not illustrated). The significant enhance ment of kainate-induced currents was not observed in postischemic CA 1 pyramidal neurons at 24 hours after 5-minute ischemia (Fig. 3F ). Mean peak current at 24 hours after 5-minute ischemia (holding potential = -SO mY) was 2.99 ± 0.26 nA (l.02-fold increase). The dose-dependency of agonist-induced currents was studied in 225 postischemic CAl pyramidal neurons 3 hours after ischemia and 225 control CA 1 pyramidal neurons. No significant differences were observed in the maximal response for each agonist (NMDA, AMPA, and kainate) between postischemic CA 1 pyramidal neurons and control CAl pyramidal neurons (Fig. 5 ). The con centration needed to evoke 50% of the maximal response (EC50) for NMDA in postischemic CAl pyramidal neu rons (II j.LmollL) was approximately half of that ob served in control CA 1 pyramidal neurons (EC50 = 20 j.LmollL) ( Fig. 5 A) . EC50 for AMPA (5 j.LmollL) and for kainate (31 j.LmollL) in postischemic CA 1 pyramidal neurons were also approximately halves of those ob served in control CA 1 pyramidal neurons (EC50 for AMPA = lO.5 j.LmollL, for kainate = 57 j.LmollL), re spectively ( Fig. 5 B,C) . These results suggest that the expression of the enhancement of NMDA-and non NMDA-induced currents is mediated by upregulation of postsynaptic NMDA and non-NMDA receptors but not by an increment in the number of NMDA and non NMDA receptors. Re sponses to NMDA were measured in a nominally Mg2+-free con dition (holding potential: -80 mV). The NMDA-induced currents were recorded from control CA1 pyramidal neurons (open col umn) and postischemic CA 1 pyramidal neurons 1, 3, 6, 9, 12, and 24 hours after 5-minute ischemia (dark columns). The ordinate represents peak amplitude of NMDA-induced currents; the ab scissa represents time point after 5-minute ischemia. The values are mean ± SD. Significances are ** P < .01 (one-way analysiS of variance, Dunnett's multiple-comparison procedure).
EPSC
EPSC were recorded from 16 postischemic CAl py ramidal neurons at 3 hours after 5-minute ishcemia and 16 CA 1 control pyramidal neurons.
In control CAl pyramidal neurons, the NMDA recep- tor-mediated EPSC were evoked by stimulation of the Schaffer collateral-commissural fibers (mean peak cur rents: 115 ± 43 pA at -70 mY) and the peak current voltage (l-V) relation was nearly linear over the almost whole range of membrane potentials in a nominally Mg 2 +-free Ringer solution (n = 8) (Fig. 6A, D) . The reversal potential was about 0 mY. The addition of 1 mmollL Mg 2 + markedly decreased the inward currents at membrane potentials more negative than -30 mV (not illustrated). In postischemic CAl pyramidal neurons, the NMDA receptor-mediated EPSC were enhanced in a nominally Mg 2 +-free Ringer solution (n = 8) (Fig. 6B ). Mean peak current of NMDA receptor-mediated EPSC was 162 ± 44 pA at -70 m V (1.4 I-fold increase; P < .05, Student's t-test). The peak 1-V relation was nearly linear over the almost whole range of membrane potentials (Fig. 6D ). The reversal potential was about 0 mY. The addition of I mmol/L Mg 2 + markedly decreased the in ward currents at membrane potentials more negative than -30 mV (Fig. 6C) . The peak I-V relation after the addi tion of Mg 2 + was nonlinear with a region of negative slope resistance in the range -90 to -30 mV (Fig. 6D) .
In control CAl pyramidal neurons, the non-NMDA receptor-mediated EPSC were evoked by stimulation of the Schaffer collateral-commissural fibers (mean peak currents: 118 ± 40 pA at -70 m V) and the peak I-V relation was linear over the whole voltage range with a reversal potential of about 0 m V (n = 8) ( Fig. 7 A, C) . In postischemic CAl pyramidal neurons, non-NMDA re ceptor-mediated EPSC were enhanced (n = 8) (Fig. 7B ). Mean peak current of non-NMDA receptor-mediated EPSC was 163 ± 45 pA at -70 m V (it was l.38-fold increase; P < .05, Student's t-test). The peak 1-V relation was linear over the whole voltage range with a reversal potential of about 0 m V (Fig. 7C) .
No significant changes were detected in the rise-time and the decay time constant of the NMDA receptorand non-NMDA receptor-mediated EPSC between postisch emic CAl pyramidal neurons and control CAl pyrami dal neurons. , 3, 6, 9, 12 , and 24 hours after 5-minute ischemia (dark columns). The ordinate represents peak amplitude of AMPA induced currents; the abscissa represents time point after 5minute ischemia. The values are mean ± SO. Significances are ** P < .01, * P < .05 (one-way analysis of variance, Dunnett's mUl tiple-comparison procedure).
[Ca2+]i elevation [Ca 2 +]i elevations induced by glutamate agonists were measured in 24 postischemic hippocampal slices 3 hours after 5-minute ischemia, 24 postischemic hippocampal slices 24 hours after 5-minute ischemia, and 24 control hippocampal slices. Before application of agonists, [Ca 2 +]i levels were low in all hippocampal regions (Fig.  8A ). There were no significant differences in resting [Ca 2 +]i levels between postischemic hippocampal slices and control slices.
NMDA (12.5 f.1mol/L) evoked a region-specific in crease in [Ca 2 +]i fluorescence in the CAl of control slices in a nominally Mg 2 + -free Ringer solution (n = 8): The [Ca 2 +]i elevation in the CAl was much larger than that in the CA3 (Figs. 9A, lOA) . The mean peak ratio of [Ca 2 +]i elevation evoked by 12.5 f.1mollL of NMDA was 1.16 ± 0.02 in the CAl and 1.06 ± 0.02 in the CA3. Small In the presence of Mg2+, the I-V relationship showed a "negative slope resistance" region at membrane potential range of -90 to -30 mV even in a postischemic eA 1 pyramidal neu ron.
-30mV -70mV
[Ca 2 +]i elevation was also observed in the dentate gyrus; however, it was not analyzed in the present study. In postischemic hippocampal slices at 3 hours after 5minute ischemia, NMDA-induced [Ca 2 +]i elevation was significantly enhanced in the CA I but not in the CA3 (n = 8) (Figs. 8, 9B , lOA). The mean peak ratio of [Ca 2 +]i elevation evoked by 12.5 J.,LmollL of NMDA was l.33 ± 0.04 in the CA I (P < .0 1, Dunnett's multiple-comparison procedure) and l.06 ± 0.03 in the CA3. The significant enhancement of NMDA-induced [Ca 2 +]i elevation in the CAl was not observed in postischemic hippocampal slices at 24 hours after 5-minute ischemia (Fig. 9C) : The mean peak ratio of [Ca 2 +]i elevation evoked by 12.5 J.,LmollL of NMDA was 1.18 ± 0.04 in the CA 1 (n = 8). The AMPA (25 J.,LmollL)-and kainate (50 J.,LmolfL) induced [Ca 2 +]i elevations did not show an apparent re gion-specific increase in control hippocampal slices (n = 8 each): The [Ca 2 +]i elevations showed comparatively uniform increases throughout all areas (Fig. 9D, G) . The mean peak ratio of [Ca 2 +]i elevation evoked by 25 J.,LmollL of AMPA was l.14 ± 0.03 in the CAl and l.l3 ± 0.02 in the CA3, and the mean peak ratio of [Ca 2 +]i elevation evoked by 50 J.,Lmol/L of kainate was 1.11 ± 0.03 in the CAl and 1.09 ± 0.03 in the CA3. In post ischemic hippocampal slices at 3 hours after 5-minute ischemia, significant enhancements of AMP A-and kain ate-induced [Ca 2 +]i elevations were observed in the CAl but not in the CA3 (n = 8 each) (Fig. 9E, H) peak ratio of [Ca 2 +]i elevation evoked by 25 J.,Lmol/L AMPA at 3 hours after 5-minute ischemia was l.28 ± 0.06 in the CA 1 (P < .01) and 1.12 ± 0.04 in the CA3. The mean peak ratio of [Ca 2 +]i elevation evoked by 50 J.,LmollL of kainate at 3 hours after 5-minute ischemia was 1.16 ± 0.04 in the CAl (P < .05) and l.09 ± 0.05 in the CA3. The significant enhancement of AMPA-and kainate-induced [Ca 2 +]i elevations in the CAl was not observed in postischemic hippocampal slices at 24 hours after 5-minute ischemia (Fig. 9F, I) . The mean peak ra tios of [Ca 2 +]i elevation in the CAl evoked by 25 J.,LmollL of AMP A and 50 I1mollL of kainate were 1.18 ± 0.04 and J.13 ± 0.03, respectively.
DISCUSSION
The present study showed that both NMDA and non NMDA (AMPA and kainate) receptor-mediated currents were persistently enhanced in CA 1 pyramidal neurons 1 to 12 hours after transient ischemia and also that the enhancement of currents was accompanied by the en hancement of [Ca 2 +]i elevation. As shown in the present [Ca 2 +]i imaging study, transient ischemia did not alter the responses of the CA3 to glutamate agonists. Thus, the enhancement of glutamate agonists-induced responses may be specific to regions undergoing ischemic damage. The activation of non-NMDA receptors will induce in flux of Na+ and depolarization of membrane potentials, and then will induce [Ca 2 +]i elevation which is second arily caused by the opening of voltage-gated Ca 2 + chan nels after the membrane depolarization. The depolariza tion of CAl pyramidal neurons will also induce activa tion of NMDA receptors by the reduction of Mg 2 + block of NMDA receptor channels (Nowak et aI., 1984; Mayer et aI., 1984) . The activated NMDA receptors will en hance Ca 2 + and 'also Na+ influx through NMDA-receptor
channels. Thus, the enhancement of [Ca 2 +]i and [Na+]i elevations will be induced during 1 to 12 hours after S-rninute ischemia when the postischemic CAl pyrami dal neurons respond to glutamate released as a transmit ter, as suggested in the experiment 2. The enhancement of intracellular elevation of these cations will continually activate Ca 2 + and Na+ pumps at the expense of metabolic energy during 1 to 12 hours after 5-minute ischemia, and NMDA·induced [Ca2+]i elevations obtained in a control hippocampal slice (A), a postischemic hippocampal slice 3 hours after 5·minute ischemia (B), and 24 hours after 5-minute ischemia (e). Calcium images obtained before (A·1) (B-1) (C·1) and at the end (A·2) (B·2) (C·2) of I-minute application of 12.5 IJ mol/L of NMDA. At 3 hours after 5·minute ischemia, the NMDA·induced [Ca2+]i elevation is enhanced in the CAl (from blue with scattered yellow in A-2 to yellow-red in B-2). The images were obtained in hippocampal slices perfused with a nominally Mg2+·free Ringer solution containing 10 IJmoi/L of glycine. Dashed lines indicate the hippocampal fissure. Horizontal scale bar = 1 mm. AMPA·induced [Ca2+]i elevations obtained in a control hippocampal slice (D), a postischemic hippocampal slice 3 hours after 5-minute ischemia (E), and 24 hours after 5·minute ischemia (F). Calcium images obtained before (D·1) (E·l) (F·l) and at the end (D·2) (E·2) (F·2) of l·minute application of 25 IJmollL of AMPA. At 3 hours after 5·minute ischemia, the AMPA·induced [Ca2+]i elevation is enhanced in the CAl (from blue with scattered yellow in D·2 to yellow with scattered red in E·2). Kainate·induced [Ca2+]i elevations obtained in a control hippocampal slice (G), a postischemic hippocampal slice 3 hours after 5·minute ischemia (H), and 24 hours after 5·minute ischemia (I). Calcium images obtained at the end of 1· minute application of 50 IJmoi/L of kainate (calcium images obtained before kainate application are not shown). At 3 hours after 5·minute ischemia, the kainate·induced [Ca2+]i elevation is enhanced in the CA 1 (from blue in G to blue with scattered yellow in H). Ratios of fluorescence intenSity given in Figure 10 were calculated in areas enclosed by the rectangles in the CAl and the CA3. will waste neuronal energy that is needed for repair from ischemic damage. These intracellular processes may lead postischemic CAl pyramidal neurons to irreversible neu ronal injury. The enhancement of glutamate receptor-mediated re sponses was observed 1 to 12 hours after 5-minute isch emia. Li and Buchan (1993) have observed that delaying administration of a non-NMDA receptor antagonist NBQX 12 hours after transient ischemia results in dra matic CAl neuroprotection, but delaying treatment to 24 hours postischemia results in the loss of the neuropro tective effect, and then they have estimated that the criti cal interval for reversibility of neuronal death is between 12 and 24 hours. This estimation suggests that the en hancement of glutamate receptor-mediated responses during 1 to 12 hours after 5-minute ischemia observed in the present study is the response of CA 1 pyramidal neu rons at a reversible stage. It has not been reported that delayed treatment to 24 hours or more after transient ischemia can remarkably protect CA 1 neuronal degen eration. This implies that the responses of glutamate re ceptors recorded at 24 hours or more after transient isch emia may be those of CAl pyramidal neurons at an irreversible stage. Hori and Carpenter (J 994) have ob served that the Mg 2 + block of the NMDA response is reduced in CAl pyramidal neurons 24 to 48 hours after transient ischemia. In the present study, a few of CAl pyramidal neurons at 24 hours after 5-minute ischemia showed small but apparent NMDA-induced currents at -80 m V even in the presence of 1 mmol/L Mg 2 +. These results may indicate that the normal voltage-dependent blockade of the NMDA channels by Mg 2 + is maintained when the condition leading to CAl neuronal death is re- The present study also showed that enhancement of NMDA and non-NMDA (AMPA and kainate) receptor mediated responses was induced by the direct application of glutamate agonists. It indicates that the site respon sible for generating the enhancement is, at least in part, in postsynaptic structures, i.e., NMDA and non-NMDA receptors. The postischemic intracellular processes pro ducing the activation of NMDA and non-NMDA recep tors are unknown; however, the functional change of the CAl pyramidal neurons may be induced by an excessive increase in [Ca 2 +]i during transient ischemia. It has been observed that an excessive increase in [Ca 2 +]i is induced in the CA 1 but not in the CA3 during in vitro ischemic condition (Mitani et aI., 1990a (Mitani et aI., , 1993 (Mitani et aI., , 1994b . The in crease in [Ca 2 +]i will activate various intracellular cal cium-dependent enzymes including calcium-dependent protein kainase C (PKC) and calcium/calmodulin dependent protein kainase II (CaM-KII). The activation of PKC and CaM -KII can produce persistent enhance ment of NMDA and non-NMDA receptor-induced re sponses (Urushihara et aI., 1992; Kelso et aI., 1992; Mc Glade-McCulloh et aI., 1993) , and several in vivo studies have revealed that PKC and CaM-KII are activated in postischemic brain (Picone et aI., 1989; Cardell et aI., 1990; Wieloch et aI., 199 1) . These reports present the possibility that the excessive increase in [Ca 2 +]i during 5-minute ischemia activates PKC and CaM-KII in the CAl pyramidal neurons, and then the activated enzymes produce persistent enhancement of NMDA and non NMDA receptor-induced responses during the postisch emic period.
